ImIBG infusion. Whole-body absorbed dose was calculated for each patient based on the cumulated activity determined from injected mIBG activity and patient-specific timeactivity curves combined with 131 I whole-body S factors. We then assessed transcripts that were the most significant for describing the mixed therapeutic treatments over time using real-time polymerase chain reaction (RT-PCR). Modulation was evaluated statistically using multiple regression analysis for data at 0, 72 and 96 h. A total of 10 genes were analyzed across 40 patients: CDKN1A; FDXR; GADD45A; BCLXL; STAT5B; BAX; BCL2; DDB2; XPC; and MDM2. Six genes were significantly modulated upon exposure to 131 I-mIBG at 72 h, as well as at 96 h. Four genes varied significantly with absorbed dose when controlling for time. A gene expression biodosimetry model was developed to predict absorbed dose based on modulation of gene transcripts within whole blood. Three transcripts explained over 98% of the variance in the modulation of gene expression over the 96 h (CDKN1A, BAX and DDB2). To our knowledge, this is a novel study, which uses whole blood collected from patients treated with a radiopharmaceutical, to characterize biomarkers that may be useful for biodosimetry. Our data indicate that transcripts, which have been previously identified as biomarkers of external exposures in ex vivo whole blood and in vivo radiotherapy patients, are also good early indicators of internal exposure. However, for internal sources of radiation, the biokinetics and physical decay of the radionuclide strongly influence the gene expression. Ó 2016 by Radiation INTRODUCTION Dose estimation after the administration of therapeutic radionuclides presents unique challenges. The practice of calculating internal radiation dose is done by either bioassay (such as urine or fecal samples) or by estimation based on activity administered, using biokinetic models as provided by the Committee on Medical Internal Radiation Dose (MIRD). While dosimeters can be used to measure dose externally, the development of a dosimeter to assess internal dose is needed. We hypothesized that the use of transcriptional assays to monitor changes at the molecular level and measurement of dose-response characteristics after irradiation might be a feasible approach towards characterizing internal biodosimetry (1) .
Over the last two decades genome-scale tools have helped to identify large-scale changes in gene expression profiles within minutes to hours after irradiation, and have shown that a broad variety of biological pathways are modulated (2) (3) (4) (5) . These studies have proven useful for predicting panels of transcripts that may be beneficial for biodosimetry (3, 4, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . However, most of these studies have been primarily focused on external irradiation. Recently, several groups have looked at internal radiation exposures with an emphasis on the mouse model (16) (17) (18) (19) . Internal radiation studies in humans have been focused on biomarkers of multiple organ damage, but have not been specifically directed toward looking for DNA damage-related responses in peripheral blood (20) (21) (22) (23) , where biomarkers of dose response may circulate (10, 15, (24) (25) (26) (27) (28) (29) (30) (31) . Characterization of known radiation-responsive transcript profiles for therapeutic radionuclides may also be useful in both the clinic and triage setting as biodosimeters.
One radiopharmaceutical of interest is iodine-131 conjugated with metaiodobenzylguanidine ( 131 I-mIBG), which is used in patients with advanced neuroblastoma that have poor outcomes. MIBG is a norepinephrine analogue that is quickly taken up by neuronal-derived cancer cells expressing the norepinephrine transporter (32, 33) . A total of 90% of all neuroblastoma tumors are mIBG-avid (32, 34) , such that targeted radiotherapy with 131 I-mIBG can be used in the majority of these patients. For patients with relapsed or refractory high-risk neuroblastoma, targeted radiotherapy is often the therapy of choice. Recent efforts have focused on combining 131 I-mIBG with potential radiosensitizers, such as vorinostat (35, 36) or irinotecan (37) . Currently, there are also cooperative group studies underway evaluating whether incorporating 131 I-mIBG into upfront treatment is beneficial in cancer treatment.
When 131 I-mIBG is used as part of targeted radiotherapy, the mIBG is rapidly taken up by neuroblastoma tumors with a peak at approximately 6 h (32). This rapid clearing from the blood causes approximately 10% to remain in the blood stream within a few hours after treatment (32) . It has also been shown that approximately 15% immediately exits the body through the bladder (38) (39) (40) . Therefore, during the course of treatment, the patient is being exposed to an exponentially decreasing radioactive source that is both eliminated from the body and radioactively decaying. While the majority of the biodosimetry studies have been done using external radiation (2-14, 29, 41) , patients receiving radiopharmaceuticals may be suitable models for internal biodosimetry studies.
The current study provides the opportunity to assess biological response to ionizing radiation from an exponentially decaying source from within the human body. The findings from this work may prove useful during triage after a ''dirty bomb'' explosion in a densely populated area, or where the release of a radioactive isotope would present more of an internal concern. In this study, we combined physical and biological dosimetry for the first time in patients receiving a targeted radionuclide therapy. We assessed expression of a panel of radiation response genes in the peripheral blood. Our goal was to describe the change in expression of these genes after 131 I-mIBG therapy and to determine the extent to which expression of these genes correlated with estimated whole-body radiation dose. I-mIBG infusion over 90-120 min at UCSF, with the usual thyroid blockade and bladder protection using a bladder catheter (37) . All patients consented to gene expression studies. This study was approved by the UCSF Committee on Human Research and the Institutional Review Boards at University of California Davis and Lawrence Livermore National Laboratory.
MATERIALS AND METHODS

Patient
Blood Sample Processing
A total of 2.5 ml per time point of peripheral blood was drawn using PAXgenee RNA blood tubes (QIAGENt, Valencia, CA) at baseline, 72 and 96 h after 131 I-mIBG treatment. Blood tubes were kept at À808C for 30 days after treatment to ensure all 131 I had decayed below background levels prior to isolation and analysis. The RNA was then extracted from whole blood using the PAX Gene Kit following the manufacturer's instructions. RNA was stored at À808C until ready for use. RNA was quantified using a NanoDrop ND 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and Qubitt Fluorometer (Invitrogene, Carlsbad, CA). RNA quality was checked using an Experione analyzer (Bio-Rad, Hercules, CA). Generation of cDNA and Real-Time PCR
Gene Selection for Biodosimetry
For RT-PCR analysis, 200 ng of RNA was converted to singlestrand cDNA using the High Capacity cDNA archive kit (Applied Biosystemst, Foster City, CA). RNA was combined with buffer, enzyme mix and RNase-free water. The reactions for cDNA synthesis were conducted using a thermocycler. Incubation was done for 1 h at 378C, then 5 min at 958C. cDNA was held at 48C until it was removed and stored in a freezer between À158C and À258C. The cDNA was then preamplified with TaqMant PreAmp Master Mix (Applied Biosystems). A pooled mix of TaqMan assay primers was combined with the preamp master mix. Because patients had low white blood cell levels after their treatment, 14 cycles of preamplification were done in a thermocycler to ensure that enough material was available to quantify the entire transcript panel of interest. The cycles lasted 10 min at 958C, followed by 14 cycles of 15 s at 958C and 4 min at 608C.
Real-time PCR (RT-PCR) was used to quantify the expression of genes for each patient. Each reaction was performed in a volume of 20 ll and repeated in triplicate using SharkaTAQe Stable QPCR Master Mix (Frontier Genomics, Auke Bay, AK) and Applied Biosystems TaqMan primers (Table 2 ) using a 7900HT Fast Real-Time PCR System. The following PCR program was used: 10 min at 958C, followed by 40 cycles of alternating 15 s at 958C and 1 min at 608C. Results from RT-PCR were in the form of cycle threshold (C t ) values, which is the cycle when amplification curves show logarithmic growth characteristics.
Physical Dosimetry Calculations
Mean absorbed dose (referred to as absorbed dose) accumulated up to each blood-collection point for each patient was calculated using standard MIRD schema similarly as previously described by Buckley et al. (44) . To determine the absorbed dose for each patient during treatment, the total retention of injected activity of mIBG was first determined using a Fluke 451P Pressurized Ion Chamber radiation detector that was fixed to the ceiling above the patient for the duration of the patient's treatment. The exposure rate emitted from the patient was measured every 3 min. The measured decay curve was normalized to injected activity to provide time-activity estimates over time for each patient (example shown in Fig. 2) .
A three-compartment model ( Fig. 1 ) was applied to the measured time-activity data for three patients using their emitted exposure rate data from the radiation detector above the bed. The effective decay constants, C 1 , C 2 and C 3 , representing the combined effect of physical and biological decay, were obtained for three patients where the decay constants were fitted mathematically based on the physical dosimetry data analysis from the patients, then averaged among the three patients. These effective decay constants were then used to calculate Ã , or the time-integrated activity, at a given time after 131 I-mIBG treatment, using the following equation:
Equation (1) is the time-activity curve that describes the biokinetic activity of 131 I-mIBG in a patient. Each respective k is the effective decay constant for each compartment, t is the time after treatment, A o is the initial activity injected and Ã is the resulting time-integrated activity at a given t. Prior empirical testing at UCSF showed that 15% of the initial injected activity is lost in the first 3 h after treatment is started, and can be assumed to be lost immediately to the urinary system and through the catheter.
The mean absorbed dose, D WB WB (in Gy) was calculated as the product of the cumulated activity and the MIRD whole-body to wholebody S value.
As shown by Amundson et al. (43) , S WB WB values were corrected for the weight of each child, using Eq. (3). Since these are calculated using an adult as a reference individual, S values were recalculated using the following equation to take into account the differences in size for each child in the study:
where m patient is the mass of the patient in kilograms. This equation was generated by interpolating the S WB WB values from the MIRD phantoms for a newborn; for 1-, 5-, 10-and 15-year-old children; and for an adult, each of which has a specific mass (44, 45). I-mIBG treatment. After treatment, 15% of the original injection goes straight to the bladder and is excreted. Of the remaining 85%, which is distributed among mIBGavid tissues in the body, 1% remains in the liver until it physically decays completely, while the other 99% is shared among other tissues and processed through the two other compartments.
BIODOSIMETRY OF PATIENTS TREATED WITH 131 I-mIBG
Absorbed doses calculated as above are referred to as kinetic modelbased doses (KM dose) in this study.
Statistical Methods
Fold change was calculated with the 2 -DDCt method as described by Livak and Schmittgen (46), using C t values as determined from the RT-PCR analysis using absolute quantification. A C t value is inversely proportional to the amount of material in a sample; the higher the C t the less amount of material. Multiple linear regression was used to assess the effect of time since treatment, absorbed dose and concomitant radiation sensitizer exposure on gene expression. Welch t tests, which assumed unknown variance, were performed to compare differences between serial treatments for patients who received more than one treatment. To determine which variables contributed most to the variance explanation in dose-dependent fold change, backward stepwise regression analysis was performed using P , 0.05 for variable entry. A significance level of a ¼ 0.05 was used for all tests. A P value of 0.05 was used for determining significance. All analyses were conducted using the R environment (47) .
RESULTS
Patient Characteristics
Characteristics of the 40 patients who participated in this pilot study are shown in Table 1 . There were 30 males and 10 females. A total of 14 patients received mIBG treatment only, while 19 patients received vincristine/irinotecan and 7 received vorinostat in combination with mIBG. Nine patients received a second mIBG treatment approximately 6 weeks after the initial treatment. Our analysis focused only on the effects in patients that were associated with radiation dose and time for mIBG treatment within the first 96 h after exposure to demonstrate the utility of our approach. In addition, 6 of the patients lacked complete dosimetry information after the initial exposure and these were used for testing our exposure model.
Modulation of Gene Expression after 131 I-mIBG Treatment
All 10 transcripts of interest gave measurable baseline signals in the RT-PCR assays. The expression levels of 9 transcripts were significantly altered compared to controls after mIBG treatment (Supplementary Table S1 ; http://dx. doi.org/10.1667/RR14263.1.S1). Figure 3 shows the change in translation over the course of 72 and 96 h from baseline. The transcripts CDKN1A, FDXR, GADD45A, STAT5B, BAX, XPC, MDM2 and DDB2 were significantly upregulated at 72 h as well as at 96 h while BCLXL was significantly downregulated at 72 h. MDM2 was the only transcript that was upregulated at 72 h and returned to baseline within the first 96 h. Interestingly, the BCLXL transcript was more significantly downregulated with a lower fold change at the 96 h time point compared to 72 h postirradiation. The BCL2 transcript did not show modulated expression in our study.
Significance of Differential Transcript Response Varied with Dose and Time
Multiple regression analyses were performed to determine the significance of the effects of dose and elapsed time after treatment on each transcript. All fold changes I-mIBG, as well as other radionuclides, are eliminated by two major processes within the human body: physical decay and biological decay (elimination). The amount of activity in the patient is derived from comparing the amount of activity injected to the peak dose rate given off by the patient. Due to patient movement, distance from the radiation detector changes, resulting in dose-rate fluctuations. The data is drawn on a time plot and used to estimate total dose. The black line represents the calculated amount of activity remaining in the patient at a given time based on the kinetic model. Diamond-shaped symbols represent the calculated activity in the patient based on dose rate, which is measured by the meter mounted on the ceiling above the patient. used were log 2 transformed to normalize the expression around 0 for statistical testing. Concomitant drug treatment (vorinostat or vincristine/irinotecan) was used as a control variable, but was not included in the final analysis, to keep the focus on the effects of dose from the mIBG treatment alone. Table 3 
A Best-Fit Gene Expression Model Defines the Three Transcripts that Best Predict Internal Dose
Based on the multiple regression analysis results, genes that presented significant differences in expression and time as a continuous variable, rather than as a factor, were analyzed in a step-wise regression analysis to determine which of these genes best described the linear change in dose over time. The lowest Akaike Information Criterion (AIC) determined the equation that best fit the data. The result of the regression showed that the response of three transcripts over the time measured described 98.7% of the variance in dose across all patients. CDKN1A, BAX, DDB2 and time after 131 I-mIBG treatment contributed to describing the variance in the dose that a patient receives. This model could then be used to predict dose as a calibration equation. Values listed in Table 4 were used with Eq. (2) to determine the gene expression modelbased dose. 
ImIBG Patients with Incomplete Dose Information
The best-fit model was used to estimate GE dose on six patients based only on gene expression fold change and time after 131 I-mIBG treatment. These six patients were selected for model fitting because they lacked complete dose information other than the total for mCi/kg of 131 ImIBG injected at the start of treatment. Results are shown in Table 5 . On average, the gene expression model estimated the GE dose within an absolute 8.5% of the KM dose while the model using only the hour as a predictor estimated the dose within an absolute 10.5%. Thirteen out of fourteen of the GE dose estimates were within the 95% prediction interval, while the time-only model had 11 out of 14 of the calculated doses within the 95% prediction interval (results not shown). The two models for absorbed dose (KM and GE) within a patient were compared with one another. The KM dose and GE dose were significantly correlated, suggesting that each model has similar prediction qualities for measuring the absorbed dose from a patient (Fig. 4) .
Multiple mIBG Treatments did not Affect Transcript Responses
Residual treatment may be a complication due to altered transcript levels and needs to be accounted for in the study. Nine patients received two rounds of 131 I-mIBG therapy within this study with no shorter than one month elapsing between the treatments. Welch's two-sample t tests were performed to judge whether there were changes in gene expression based on prior exposure from mIBG therapy. There were no significant differences between the two treatments started at different times based on altered gene expression. Thus individuals with prior treatment could be considered as single-dosed patients.
DISCUSSION
Our results showed that previously identified DNA damage response and apoptosis transcripts for external radiation exposure will work as early indicators for internal exposure to 131 I using peripheral white blood cells. Our study also demonstrates that biodosimetry of internal radiation dose in human chemo-radiotherapeutic patients is a potential option during, as well as after treatment with internal radiotherapeutics such as mIBG, when it is possible to obtain a blood sample prior to treatment to be used as a pretreatment control. In this study we found that white blood cell gene expression after internal radiation exposure was correlated with the kinetics of dose decay rather than total absorbed dose. Interestingly, our study suggests that prior treatments were not a confounding factor as shown by analyzing nine patients with prior mIBG treatment over the time period studied. This may indicate that baseline levels for the transcripts we studied are reset within the time frame between treatments, four weeks, for our patient population. Importantly, we confirmed that a predictive model is possible based on significant differential transcript modulation associated with time after administration of a radiopharmaceutical.
These findings illustrate the potential use of DNA damage-related transcript analysis in humans, in the absence of physical dosimetry, for events involving large uncontrolled releases of radionuclides in which human and environmental uptake is probable, e.g., dirty bombs or nuclear reactor accidents. In such scenarios, since both external and internal radiation exposure would be of some consequence, developing biodosimetry for internal radiation dose could have utility for establishing triage in affected areas. Additional experiments will be necessary to elucidate a Second treatment for patient.
FIG. 4.
Kinetic mode-based dose (KM dose) vs. gene expressionbased dose (GE dose). This figure shows the relationship between GE dose from the best-fit model (Eq. 2) and the KM dose using the retention function (Eq. 1). KM dose and GE dose are collinear (R 2 ¼ 0.395, P ¼ 0.016) and represent similar prediction qualities for measuring absorbed dose from a patient.
the low-dose effects and differentiate them from the higher doses measured in this current pilot study. Our data demonstrate that a small panel of responsive transcripts may be useful in such circumstances at early times to rapidly sort out the 131 I-exposed from unexposed individuals at doses in the range of approximately 2-3 Gy.
Using RNA in peripheral white blood cells as a biodosimeter for internal exposures is plausible for several reasons: 1. Obtaining a blood sample for testing is a relatively noninvasive procedure; 2. Blood circulates throughout the body and can be used to estimate wholebody doses; and 3. The white blood cells are well characterized in terms of DNA damage and sensitivities to radiation exposures. However, because beta-emitters (such as 131 I) deposit most of their emitted energy locally, e.g., within the blood, specific organs or at the tumor site, the majority of the dose is not necessarily deposited homogenously throughout the whole body. Therefore, using wholebody dose estimates as the measurement of comparison to gene expression might not be the best choice. The dose estimate can be difficult and requires consideration of biological and physical decay, as was shown in this study. There are also other issues such as self-shielding (i.e., aggregate particles absorbing emitted energy), blood flow velocity and the continually changing blood vessel geometry, which may affect the modeling (48) . However, when samples are taken at regular intervals over a longer period of time (approximately 168 h) and the activity concentration of 131 I-mIBG is analyzed, estimation of total activity in the blood, and therefore dose, could be calculated. A study conducted by A. A. Yalow derived the following empirical equation:
Where D blood is the absorbed dose to the blood, t 1 is the effective half-life of mIBG retention in the blood (h), and B 1 and B 2 are the concentration of mIBG in the first and last measurements, respectively (49). Flower et al. (49) calculated an absorbed dose to the blood of 0.04-0.17 mGy/MBq, whereas in this study, we calculated the absorbed dose to the blood to be between 0.01 and 0.10 mGy/MBq with a range of doses to the blood of 0.95-1.47 Gy. However, since the blood was never tested at 168 h, nor was any blood tested for activity content, the dose estimates were not used for any calculations. If patients were better monitored and sampled, it might be possible to calculate dose and develop an accurate and specific biodosimetric model, as conducted in our experiments. We found that the genes, previously identified as potential external biodosimeters, were responsive to internal radiation exposures in humans at similar levels of expression. These results were similar to findings by Paul et al., using a mouse model and gene expression arrays (19) . Significant modulation was identified and detected up to 96 h after treatment using CDKN1A, FDXR, BCLXL, BAX, XPC and DDB2 transcripts. This similarity suggests that these genes may be robust biomarkers on different types of radiation exposure routes (external and internal). Classifying the gene expression within cells after irradiation is of the upmost importance when choosing a model that best reflects the amount of energy deposited in a given biological system. In the future, it may be ideal to use array or sequencing technologies to better understand what is happening mechanistically in the peripheral blood of these cancer patients.
One notable difference between our study and previous studies (10, 50) was that the amount of modulation (fold change) in our study was attenuated for comparable total doses. Paul and Amundson reported that FDXR expression increased by about 12-fold 6 h after 2 Gy irradiation with little change after 24 h (10). This is in contrast to our study, which showed that the difference between 72 h (8.48-fold change) and 96 h (6.05-fold change) was approximately 2.4-fold. Manning et al. reported that FDXR increased significantly after 24 h to an approximate fold change of over 37 (50) . This is much higher than our average fold change of 8.48 at 72 h. However, due to constraints on patient sampling, it is unknown if FDXR would be higher after 24 h in our study. Nevertheless, assuming FDXR modulation increases with increased dose, the increased dose rate at 24 h would lead one to predict a higher fold change at 24 h. This prediction necessitates further exploration into both the time dependence of gene expression for our selected panel of transcripts and how they change for internal exposures.
Nearly all genes tested were upregulated in this study and showed peak expression at 72 h with a descent in expression at 96 h. This behavior was also documented in a recent study by Tucker et al. (15) where the changes in CDKN1A DC t for 2.5 Gy dose at 1 day vs. 2 days were carefully examined. Based on our study and Tucker's study, there are two behaviors of gene expression that require consideration in biodosimetry models.
The first behavior of concern is the dose-dependent response where greater dose causes more expression of that gene. As has been shown in studies, CDKN1A in particular appears to increase in expression linearly with increasing dose until it reaches a threshold around 6 Gy and then plateaus (15, 42, 51) . This affects dose prediction, since doses greater than 6 Gy cannot be predicted with certainty (51). Our study, however, contradicts this. Our doses continued to increase over time, albeit due to an exponentially decaying dose rate. Nonetheless, as our dose increased, gene expression became less significant or plateaued.
The second behavior of concern is the time-dependent response: as the time lapse increases after radiation exposure, the expression of the gene should dampen. Making this more complicated are the effects of an exponentially decaying source of radiation that is persistent rather than acute. Our study took this into account by including time elapsed as a part of the equation for predicting whole-body dose. The true cause of the time dependency in our study is most likely directly related to the exponentially decaying but ever-present radiation field acting on the white blood cells. But the entire mechanism requires further research to develop a model for comparing internal dose to external dose using similar decay parameters.
Despite increasing knowledge of genomics, there is still a need for further information on how individualized panels of biomarkers perform in unique populations and under different exposure conditions. For example, how does a dose-responsive biomarker respond to internal dose in young individuals? To address this question, our study selected DNA damage-related responsive transcripts identified in peripheral blood, where biomarkers of dose response are known to circulate. For example, CDKN1A is very responsive to radiation and studies have shown that its increase in behavior is close to linear with increasing dose. However, these prior studies primarily address acute, external doses, which should be useful for determining doses from whole-body radiation therapy and, possibly, criticality accidents. For targeted radiotherapy or nuclear accidents, these studies are less useful. Instead, a study like this one is needed that takes into account the exponential decay of activity after an uptake of a radionuclide. In this study, CDKN1A had a peak response at 72 h with a subsequent decay at 96 h (as did FDXR and most other genes in the study), which indicates additional data are needed to identify the longevity of the gene expression.
Fold change was used for comparison of expression in this study, but the DC T value might be a simpler estimate if one can precisely control for the input quality and amount of RNA. The disadvantage of using fold change is that to calculate a difference one must have a base value. In the case of a nuclear incident, the base value would be unknown and so the fold change model would not work. A DC T value compared across up and down genes may be a better indicator of exposure. More extensive testing and predictive models would need to be developed to take advantage of the DC T value. With further study, a base C T value for specific genes could be decided as a threshold, from which a quick analysis could determine if an individual had been exposed to higher levels of radiation. Nonetheless, we were able to develop a model that predicted internal dose with good precision using only three transcripts.
In summary, this study shows that even at 96 h after radiopharmaceutical treatment, the modulation in gene expression is still significant enough to discriminate between exposed and nonexposed samples using a selected gene transcript panel. We also showed how time dependency of gene expression becomes very important for internal dose estimation. Taking into account the modulation of multiple genes enables us to generate a prediction equation that could reasonably predict a patient's or exposed individual's dose in comparison to calculated methods. In addition to serving as biomarkers for internal radiation dose, these biomarkers have been incorporated into an ongoing randomized phase II clinical trial to compare different mIBG treatment regimens and to identify the paths for benefiting patient outcome in the future. Table S1 . Models for assessing cancer risks.
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